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ABSTRACT 

i 
I 
i 
i 
§ 

A system has been developed using the \avy Naviga- 
tion Satellites to provide azimuth information on a worldwide 
basis.    This capability is particularly useful in the polar re- 
gions where conventional navigation systems based on gyro- 
compasses are handicapped by gyro alignment difficulties. 
In +his newly developed system,  two antennas separated by 
50 to 100 meters are used as an interferometer array to 
measure the phase difference of a satellite signal.    Based 
on this information, it is possible to determine the azimuth 
of the baseline connecting the two receiving antennas. 
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FOREWORD 

Precision navigation has been a problem ever since 
man began to travel into unfamiliar areas.    Today the prob- 
lem is crucial whether it is related to driving a car on an 
unfamiliar road or piloting an au'plano across an ocean, 
where no markers exist. 

The goal of navigation can be simply stated as suc- 
cessful travel from an arbitrary location to a desired loca- 
tion in an optimal manner.    To solve this problem the navi- 
gator needs two pieces of Information:    his current location 
and a reference direction.    (It is rssumed that the navigator 
knows the location of his destination and all intervening dis- 
turbances. )   To be useful, this information should be readily 
available over the total area of possible travel. 

The reference direction can be defined in terms of 
azimuth.     Azimuth is an angle    referenced to the earth's 
spin axis    such that an angle of 0C is called north,  east is 
90°,   south is 180°,   and west is 2 70c. 

A solution to the problem of determining a reference 
direction will be treated here.    The proposed technique uses 
the radio signal received from a satellite whose location is 
known as a function of time a.id tw o nondirectional antennas 
used as an interferometer.    This system has been demon- 
strated using the Navy navigation satellites. 

The interferometer method oilers many advantages 
over other "north seeking"   techniques.    The most common 
of these methods are starsighting and north-seeking gyro 
compasses.    Starsighting systems are weather limited and 
primarily useful at night,    \orth-seeking gyro compasses, 
on the other hand,  overcome the weather and night limitations 
but will not self-align in the high latitude polar regions and 
are subject to drift errors.    The interferometer azimuth de- 
termination system overcomes the disadvantages of both of 
these methods by allowing measurements on a worldwide 
basis,   independent of weather or time of day. 
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1.    INTRODUCTION 

TIE NAVY NAVIGATION' SATELLITE SYSTEM 

The Navy Navigation Satellite System (NAVSAT) de- 
veloped by The Applied Physics Laboratory for the Depart- 
ment of the Navy consists of four or more near-earth satel- 
lites in polar orbits,  tracking stations,  injection stations,   a 
computing center,   and receiving navigation equipment.    This 
system employs doppler tracking for both satellite position 
determination and navigation.    To determine satellite posi- 
tion,   four tracking stations in precisely known locations ob- 
serve the doppler shift of the highly stable radio signals gen- 
erated by the satellite transmitter as the satellite passes over 
the station.    The doppler information allows the computing 
center to determine the satellitp's position as o function of 
time.    P'rom this measured positional information,  the loca- 
tion of the satellite at a future time can be predicted.    These 
predictions are stored in the memory of the satellite by the 
injection station.    As the satellite orbits the earth,  it contin- 
ually transmits its position and precise time.    By receiving 
time and position data from the satellite and observing the 
doppler shift in the satellite signals a navigator can determine 
his position. 

The Navy navigation satellites are in nominal 600 nmi 
circular polar orbits with periods of approximately 105 min- 
utes.    There are currently five such satellites with approxi- 
mately equal angular separations between the orbital planes 
(Fig.   1) so that the coverage is fairly evenly spread,  pro- 
viding reception possibilities approximately once every 2 
hours at the equator and considerably more frequently as lat- 
itude incre^es.    Typically the satellite is in view for approx- 
imately 15 minutes during each pass. 

The ground support system consists of tracking sta- 
tions that receive,  record,   and digitize doppler signals from 
the satellites; a computing center 'hat computes future orbits, 
orbital parameters,  and time corrections; and an injection 
station that transmits these new orbital parameters and time 
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corrections to the satellite.    In addition, the U.S.  Naval Ob- 
servatory recovers the satellite time signals and compares 
them with universal time.    This information is forwarded to 
the computing center for the time correction computations. 

Navigation satellite data can be used to aid navigation 
systems in a number of ways,  such as providing survey bench 
marks,  or to update the inertial platforms of ships or air- 
craft.    These navigation tasks can be performed on a world- 
wide basis regardless of weather. 

THE AZTRAX SYSTEM 

Aztran,   an abbreviation for "azimuth from Transit, " 
is a system that determines north reference from a single 
pass of a navigation satellite.    The system uses two antennas 
separated by a baseline distance of 30 to 200 meters.    Be- 
cause of the separation of the antennas,  there is a transmis- 
sion path length difference from the antennas to the satellite. 
From Fig.   2 it can be seen that the path difference may be 
computed from the equation: 

Path difference ■ D • cos (ET ) •  cos   (Az      -Az      ). 
L s at        ant 

When the signals from the two antennas are compared,  there 
is a phase difference caused by this path length difference; 

Phase difference ■ (StO/X) ' cos (ET )     cos (Az      -Az      ), 
L sat        ant 

where \ is the wavelength of the received signal. 

As the satellite moves across the sky,  there are 
changes in the path length difference and the corresponding 
phase angle.    This phase change is measured between time 
A and time B and is equal to; 

2*1)  . 
1 =-j— Ücos (K   ) cos(Az      -Az      ) .i, ->os(KI ) cos(Az      -Az      )] 

A L sat        ant     M L sat        ant     A )]. 1 
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In this equation (since the observer's and satellite's positions 
are known) the only unknowns are D,  the antenna separation, 
and the antenna baseline azimuth (Azant).    By making repeated 
measurements over fixed time intervals during a satellite 
pass,  ^he baseline azimuth and antenna separation are deter- 
mined. 

APPLICATIONS 

Possihle applications of such a system are numerous. 
Accurate azimuth information,  easily obtained in the field, 
could be used for gun fire control and for mobile missile 
field sites.    This capability would free the missile crews 
from their dependence on presurveyed sites for this informa- 
tion and guarantee its availability day or night,   regardless 
of weather.   Another possible application is in the alignment 
of inertial platforms.    Aztran would be particularly useful 
in the polar regions where an inertial platform will not self- 
align and must be referenced to an external azimuth source. 
Ships at sea and aircraft are other potential users. 
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THEORY OF OPERATION- 

ORBIT CALCULATIONS 

The Navy navigation satellites transmit a message 
containing the predicted Keplerian elements of the satellite's 
orbit in inertial space,  and a precise time mark every even 
2 minutes.    These Keplerian elements are then converted 
into Cartesian earth-centered coordinates,  which rotate with 
the earth such that a fixed point on the earth has fixed x-y-z 
coordinates. 

I 
I 

Consider the ellipse (PSA) shown in Fig.  3 with a cir- 
cle (PCA) circumscribing the ellipse.    Point O' is the center 
of the circle and the ellipse.    Point O is at one focus of the 
ellipse which is the origin of the u-v coordinate system and 
the geocenter.    The distance A0 is called the semi-major 
and B   is called the semi-minor axis. Also: 

B A 1   - €' 

where e is called the eccentricity of the ellipse and can vary 
from 0 (for a circle) to 1 (for a straight line). 

If this ellipse represents the orbit in the u-v plane 
then O is the center of the earth and S is the position of the 
satellite at some arbitrary time t.    The tme at which the sat- 
ellite is at its lowest point or perigee (point P) is called tp. 

The angle E as shown in Fig.   3 is called the accentric 
anomaly     The mean (average) motion of the satellite is de- 
fined as: 

2t 
T 

where T is the orbital period of the satellite.    The mean angu- 
lar motion (If) is the average angular motion in radians since 
the last time of perigee: 

M = 
2jr 
T 

(t t   ) = n 
P 

(t - t   ) 
P 

Preceding page blank 
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Therefore,  given A0,  C,   n,   and !„,  the u-v coordinates 
of the satellite at S can be found as a function of time as fol- 
lows: 

M (t) = n •  (t - t   ) 
P 

Then: 

E (t) = M (t)+ C sin M (t) 

u(t) 

v(t) 

A    • [cos E(t) -  l] 

A   -V 1   -  €' sin E (t) (1) 

Equation (1) would hold true for an unperturbed orbit 
about a spherical mass.    The orbit of an earth satellite does 
not remain in an unperturbed orbit due to variations in the 
gravitational field,   air drag on the satellite,  and the effects 
of other solar bodies (primarily the sun and moon).    There- 
fore,   some of the orbital parameters which were treated as 
constants must be made functions of time,   and cross-plane 
terms must be added. 

Consider making the u-v plane into a right-hand Car- 
tesian coordinate system by the addition of a w axis.    Out- 
of-plane variations are then solely in this axis. 

In the Navy navigation satellite system the semi-major 
axis and the eccentric anomaly are treated as funcions of 
time.    A cross-plane term, r}(t), is also introduced.    The 
coordinates of the satellite in the u-v-w frame can now be 
found as follows,  given A lA(t),  €,  n.  t  .  ~E(t),  and Tj(t): 

P 

M(t)  = n(t - t  ) 
P 

E(t) ■ M(t)+ € sin M(t)+ lE(t) 

A(l) = A   + :A(t) 
o 

- 9 
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u(t)' 'A(t) ^cos E(t) - Cj 

v(t) = A(t) Vl     €2 sin K(t) 

\\{t). _r?(t) 

(2) 

The u-\--\v coordinate system can now be transformed 
into an earth-centered nonrotatlng coordinate system.    De- 
fine the X   -V'-Z' coordinate system as having the origin at 
the center of the earth and the positive Z axis pointing north 
along the earth's spin axis.    The X'-V' plane lies in the equa- 
torial plane and the positive X'  axis points toward Aires (y). 
This coordinate frame is fixed in inertial space. 

FigttfC 4 shows the u-v-w and the X'-Y'-Z' coordi- 
nates.    The origins of the two systems coincide and the v 
axis lies in the X'-V'plane.    The longitude of the ascending 
node (0o) is the angle measured in the equatorial plane from 
the positive X    axis to the negative v txis.    The orbital incli- 
nation (i) is the angle measured from '.he positive Z' axis to 
the positive w axis.   The argumetit of perigee (u;) is the angle 
from the ascending node to the point of orbital perigee. 

Given the preceding parameters defining the satellite's 
orbit.   Kq.  (3) is the transformation from the u • v-w coordi- 
nate system to the X'-Y'-Z' system: 

" 

n (I ! 

1    B n 

0 ins(i)    sin(i) 

0 llnÜ)     rns(i) 

o-iU') ■ sin(a;) 0 

iin(x')    i ns(a') 0 

I n        i (3) 

Figure 5 shows the relationship between the X'-Y'-Z' 
coordinate system and the desired X-V  Z frame which is fixed 
u ith respect to the earth's surface.    The origins and Z axis 
of the two systems are coincident.    ü;e is the earth's angular 
rotation rat".    The X-Y plane and the X'-Y' plane are both 
equatorial and rotated by fig, the Greenwich hour angle.    If 
the angle $ is defined as Km' a;e (t - tp),  then: 

-  10 
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X 

Y 

Z 

cos(^)   -sin(ß)   0 

sin(ß)      cos(ß)   0 

0 0       1 

Y' 

Z (4) 

SATELLITE MESSAGE 

During each 2 minute interval a \avy navigation satel 
lite transmits 19 message words used for navigation.    The 
first 8 are called ephemeral words and contain variables for 
the 3 past 2 minute intervals,  the current interval,  and the 
next 4 intervals.    The variables contained in each ephemeral 
are: 

t,      - the time of the interval, k 

-^»E.   - the variation in the eccentric anomaly, 

A    - the variation in the semi-major axis,  and 

TJ      - the out of plane distance. 

The next 11 words received do not change with each 2 minute 
interval.    They are: 

t       - time of satellite perigee, 

n      - mean motion of the satellite, 

x      - the argument of perigee at t  , 
P 

ü      - precession rate of perigee, 

€       - orbital eccentricity, 

A      - semi-maior axis, o J 

ß      - right ascension of ascending node at t  , 
o p 

13 
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^      - precession rate of node, 

Ci    - cosine of the inclination, 

A      -  longitude of Greenwich at t  ,  and 
I p 

Si     - sine of the inclination. 

Figure 6 is an example of a sequence ol 2 minute mes- 
sages received irom the satellite.    A minimum of three in- 
tervals is required to solve the navigation equations for the 
latitude and longitude of the observer and the difference in 
the frequencies of the satellite and receiver oscillators. 
This last quantity is not predictable and must be a variable 
of the solution.    A satellite pass of maximum duration will 
b« observable for seven or eight 2-minute intervals. 

The set of orbital elements is then arranged as fol- 
lows, where k represents a 2 minute interval during the pass, 
and T^ is the correct time at a 2 minute time mark: 

k 
M. 

lk     l 

n • t, 

E.   ■ M.  + € sin M,  + AE, 
k k k k 

A.   ■ A   + AA. 
kok 

~            — 

u
l K 

Vk 
r 

_v 

A,   •   (cos E, O 

A. VT sin E, (5) 

Equation (3) is then transformed into the X-Y-Z frame using 
Eq.  (3) and (4) for each interval where: 

k        o k 

0,   • 0   +Q ■ t 
k o k 

ß.   --■ A   - a;    • t     . 
k       g        e       k 
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800062390 

2402 921 10 
835553830 
800062390 

250252425 
B35553R30 
800062390 

260182684 
835553830 
800062390 

2 70092895 
835553830 
800062390 

22032I2R9 
R00I9'>950 
809826660 

230311775 
800199470 
82591 1760 

2402 92110 
R0OI9547O 
82 5911760 

250252 425 
800199470 
825911760 

26UI82684 
800199470 
825911760 

2 70092895 
800199470 
825911760 

080023026 
800199470 
825911760 

VCTEO  PIESSAGE 

200190757 210261070 220301413 230311775 
2601 «2684 270092895 080023026 094036060 
8C0199470 800015640 807463480 834316980 
C591I760 809999810 

240292110 250252425 
836612930 835 53830 
900002380    B0J06239O 

000243 777433 307700 000000 055300  541002  213700 S57250 «11440 
000253 630523 654600   75147«   740100 051350   117600 102243 105100 
0CO?63 112623 250«00   777777 T777«0   777777   777740 777777 777«0 
000273 777777 7777«0   777-.77   7777«0   777777   777740 

0»Y      288 
TIME....      1430 

Fig. 6     EXAMPLE OF SEQUENCE OF 2 MINUTE SATELLITE MESSAGES 
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More information concerning the details of the solu- 
tion of the navigation equations can be found in Technical 
Memorandum TG 619-1,   Program Requirements for Two- 
Alinute Integrated Doppler Satellite Xa'.dgation Solution edited 
bv J.   B.   Moffett. 

AZIMUTH EQUATIONS 

In this section the equations are developed which allow 
the determination of the azimuth of a line connecting two an- 
tennas.    The relative positions of the two antennas can be in- 
terpreted in terms of azimuth angle or in earth-fixed coordi- 
nates. 

Recall the earth fixed X-Y-Z coordinate system from 
the previous section where the center of the earth was the or- 
igin,  the equator lay in the X-Y plane and the Greenwich me- 
ridian lay intlv  X-Z plane (Fig.   7).    If O is the geodetic lati- 
tude and X is the geodetic longitude, then: 

11 

X     =1 Re 
+ I it ( cos o cos X 

) " cos"'^ + (1-f)"sin"o j' | .2.* a  -t 

v   ■ I 
I 'cos  o + (l-D'siiTo^ 

Re ) 
—'-— r T + lit (  cos o sin X 

z      I 
n 

Red-f)" 
2    .   2 

+ lit 
I Icos^O -I- (l-f)   sin   ü 

j  sin O     , 

(6) 

(7) 

(8) 

where (X,^   Yn,   Zn ) are the coordinates of the navigator on 
the earth's surface whose latitude and longitude are respec- 
tively o and X,  Re is the equatorial radius of the earth,   Ht 
is the observer's height above the reference ellipsoid,   and 
f is the coefficient of flattening of the reference ellipsoid. 
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I 

I 

z 

(Xn,Yn,Znl 

Fig. 7    EARTH-CENTERED CARTESIAN COORDINATE SYSTEM 

SLAVE ANTENNA 
(Xn +AX, Yn + AY,Zn +A2) 

NAVIGATOR 
'Xn,Yn,Zn) 

V 

Fig. 8    RELATIVE LOCATION OF THE TWO ANTENNAS 
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Assume that the position of a satellite is known in the 
earth fixed coordinate frame and is (Xg.   Ys,  Zs).    Then the 
slant range from satellite to navigator can be expressed as: 

] 
( 

SR (X   -X   )2 + (Y   -Y   )2 + (Z   -Z   )2 j* 
•     n s      n s     n 

2 9 9  * 
(X      -+Y      "+Z      -)?     , 

net net net (9) 

where 

X        - (X  -Y   ).  etc, 
net s     n 

Let the second antenna be located at (X + AX, Y + -Y, Z 
+ "Z) {Fig, 8), at an azimuth angle 6 from North, and with 
an antenna separation D.    Then: 

2 2 2xt 
D = (_X    + iY   + JZ   ) (10) 

The difference in slant range from the satellite to 
the tuo antennas (_SR) can then be calculated: 

sn    ![N   - 'V  x)j2 +
LV   - (v +'V)r + [z   - (z + z)]2'^ - SM 

8 II 

XJ   ♦ [Y 

3 n 

ill  * 
r n.., ■„., - ^ +^,1P, - ZJ  "•« ■   (") 

Expanding this results in: 

.SR = [SR2 - 2(X        :.X+ Y        AY + Z        .:Z)+D2^-SR 
net net net 

Neglecting (I-)") gives: 

LSR = SR ; 1 - -i- (X        ; X + Y        1Y + Z     ^ -Z)]* - SR   . 
s„^      net net net 

-  18 - 
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Taking the first term of the binominal expansion gives the 
following: 

1SR = SR - ri (X        AX+Y        AY + Z        AZ) - SR 
SR      net net net 

I 
I 
I 
i 
I 
I 
i 
I 

-SR = - ■—(X        -LX+Y        AY + Z        AZ) 
SR      net net net 

(12) 

The only remaining problem is to determine AX. AY, 
and AZ in terms of the antenna separation and azimuth.    Let 
the antenna separation be D,  the azimuth angle be 6,  and the 
difference in antenna heights above the reference ellipse be 
AH. 

The in-plane distance between the antenna locations 
(D^nJ is: plane 

D  . = (D2 - AH2)*    . 
nlane 

From Figs.  9 and 10 and the preceding definitions,  it 
can be shown that: 

. \  = -1)   , (sin ü    cos X    (:os 9    + sin X    sin 9   ) +    H cos tf    cos X (13) 
plane n n n n n n n 

_V  r -I)   , (sin o    sin X    cos 6    - cos X    Si:, fl   ) +    H cos '5    sin X (14) 
plane n n n n ti n n 

_7.  r  I)   , ros ü    cos 6    + All sin ü 
plann n n n 

(15) 

These expressions for AX, AY,  and AZ can be substi- 
tuded back into Eq.  (12), giving : 

1 

SH       ",.''"'e   ■.   (\       cos X + 'S'       tin X ) sin O ■ Z       cos *P ] cos 9 
SH net tiet net 

+ (\       Itn A - Y       cus A. ) sin 9 } 
net net 

-  -—    (X        cos X + ^'        sin X ) cos 0 + Z        sin <p j 
SH net net net 

(16) 
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AH 

SLAVE ANTENNA 

MASTER ANTENNA 

Fig. 9    MASTER SLAVE ANTENNA IN-PLANE GEOMETRY 

r-ig. 10     EARTH-REFERENCED MASTER-SLAVE ANTENNA GFOMETRY 
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The path length difference between the two antennas 
(ASR) can be expressed in wavelengths as NA., where X is the 
wavelength of the frequency being received and \ is the num- 
ber of cycles.   If another measurement were taken at a later 
time,  LSR2 ■ NjX. 

It is not convenient to determine the actual value of 
N.    Therefore, the change in phase with time is determined 
by measuring the phase change between times tj and t2. 
This gives: 

-SRr -SR,  - (N2 - MJA 

The process is repeated for as many time intervals as possi- 
ble during a satellite pass in a manner similar to the satel- 
lite location technique.    Using this method, it never becomes 
necessary to know the original S.; knowledge is required of 
only the phase differences. 

APPLICATIONS 

There are a variety of solution forms to the problem, 
depending on what information is known and what is needed, 
as listed below: 

Minimum 
Required 

Possible Known Solution \umber of 
Annhcation Variables Variables Intervals 

Directions in earth- Xone AX,  JY, äZ 3 
fixed coordinates 
for aligning D AX,  AZ or 
navigation platforms IX,  AY or 

AY,  AZ 
2 

Azimuth determination -H A ümuth (6),  D 2 
AH,   D Azimuth (9) 1 

- 21 
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Because the quantities being measured in each inter 
val are not exact, but are corrupted by noise,  it is desirable 
to obtain more data intervals than required.    It will be shown 
in a later section how dramatically the results improve with 
increasing number of data points. 

Assume that one wishes to solve for -X, ftY,  1Z in 
earth-fixed coordinates.    Also assume that there were a to- 
tal of m intervals during which phase changes were measured 
and the positions of the satellite at the fiducial marks were 
known. 

The solution of the problem involves an iterative 
least squares fit to the data; therefore,   initial estimates of 
:X, _Y, and    Z are necessary.    From these,  estimates of 
_SR can also be obtained. 

To recall Eq.   (12): 

SR- "ss (x   l ax + Y   . :Y + Z     ~Z) 
SR      net net net 

Therefore: 

X S(:SR) _        net 
S  (-X)   ' '    SR 

5(-SR) u     \et 
ä   (-Y)   " "   SR 

5 (-SR) Znet 
»   (-2) SR 

For the m intervals,  a mean square error may be defined by: 

m 
F(   X,-Y,-Z) --   L      [\ X - (^SR,   - -SR,    ^T   . 

k = l k k k'1 

In order to obtain a least squares fit,   it is required that: 

22 
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dF dF SF 
a (AX)   a(äY)   a(Az) 

= o 

To solve these equations,  a C matrix may be constructed 
from the initial estimates of AX, AY,  and AZ; the measured 
values of N; and known positions of the navigator and satel- 
lite: 

C(k, 1) = NkX - (ASRk - Ä8IL   J 

C(k,2) 
a(ASR)k a(ASR)k_1 

TTSSn älÄxl 
a(ASR)1 a(ASR)1    , k k-1 

C(k'3) =    a (AY)   '      a (AY) 

a(ASR)1      a(ASR) 
C(k. 4) " 

k-1 
a(AZ) a(Az) 

giving a C matrix of the form: 

{C} = 

C(l, 1)       C(l,2) 
C(2,1) 

C(l,3)       C(l,4) 

C(M, 1)      C(M,2)      C(M,3)      C(M,4) 

From the C matrix a new matrix is defined whose terms are: 

m 

where 

i = 2,   3,  4,  and 

j = 1.  2,  3,  4. 

This gives three simultaneous equations: 

23 - 
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A21 + A22 d(-X)+ A23 d(-Y)+ Af4d(AZ) ■ Ü 

Asi + Asad<AX)+A88^Y)*A34d(AZ).« 

A41 + A42 d(-X)+ A43 d(-Y)+ A44 d(-Z) = 0   ■ 

From these three equations,  d(^X),  d(lY),   and d(-.Z) can be 
found. 

If a new matrix is defined: 

,i21=A23A44-A43A24 

B       =  A        A        -   A        A 
31 " 23     34 33     24 

H12 = A32 A 44 * A42 A34 

R      «A     A      -A      A 
22        22     44        42     24 

B      "A      A      - A      A 
32 22     34 32     24 

B13 = A32 A43 ' A42 A33 

and: 

then: 

13      = A      A      - A      A 
23        22     43        42     23 

B      = A      A      -A      A 
33        22     33        32     23   , 

E"AaaBn-As2B2itA«aBs1 , 

d(:x)=-(.A21n11 + A31n21-A41B31) 

d(.v)=-(A21n12-A31B22 + A4lIi32) 

d(.Z)=-(-A21B13 + A31B23-A4lB33) 

24 
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The estimates of AX, AY,  and AZ are then updated: 

AX = AX       + d(AX) 
new old 

AY ■ AY  ., + d(AY) 
new old 

AZ = AZ  .. + d(.Z). 
new old 

1/ I d(AX)| ,   I d(AY)l,  and | d(AZ)| are all less than a predeter- 
mined breakout criterion,  then: 

flU 

^X       =    X 
fix new 

~Y,.    = AY 
fix new 

^Z 
fix new 

Otherwise, the new values of AX, uY,  and AZ are used as 
improved estimates and the iteration process is repeated un- 
til the breakout criterion is satisfied. 

Now assume that the antenna separation D is known 
by some other method (such as surveying) to a high degree of 
accuracy.    From the relationship: 

D - [(-X)2 + (AY)2 + (AZ)2^   , 

it can be seen that only two independent variables exist in 
this solution.    As an example,  assume that AY and uZ will 
be found.   Then: 

-X - [D2 - (AY)2 - (AZ)2]* 

ASR - - -^     X    . [D2- (AY)2- (AZ)2]* + Y        AY + Z     . AZ 
SR |    net net net       ) 

- 25 
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ä(iSR) A!V net 
MAY) SR|   net     [D2. ^ (^,2^ 

MlSR) I   j Xnet (:'Z) 

■SRt    net"[D2-(.Y)2-(„Z)2]* 
a(-z)       ! 

The Taylor series expansion of FÜY,  2Z)then becomes: 

m 
l(_V.  iZ) =^ 

k = l 

idSR. 

^^^k-^k-l1 
^k-l) 

a(iY) 
d(lY) 

ICSR^äS^,) 

d(AZ) b(_Z) 

and the solution proceeds in a similar manner: 

C(k, 1) = V  X- CSR -    SR,      ) 
k k-1 

C(k.2) ■ 

C(k,3) ■ 

ä(lSR),      hilSR)     , 
 k     k- 1 

a(iY)   '   a(^Y) 

ä(-SR)k    IUSR).   j 

»(AZ) öCZ) 

m 

where 
i = J,   3,   and 

i - 1    2    3 

A21+A22d<iY,+ A23d(-Z) = 0 

Aj, + A,. d(LY)+A33d(:Z) ■ 0 

u 

. 

D 
J 

i 

D 
D 
:! 

D 

n 

- 26 
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d(aY) ■ 

d(AZ) = 

(A22 A33 " A32 A23) 

(A21 A32 ' A31 A22) 

(A22A33-A32A23) 

AY = AY   .. +d(AY) 
new old 

AZ ■ AZ  .^ + d(AZ)   . new old 

If |<I(AY)| or |d(AZ)i are greater than the predetermined 
breakout criterion,  then the iteration is repeated.    Other- 
wise, 

AZ 
fix new 

fix new 

-Xf.    =[D2 - (^Y)2..    - (AZ)2.. 
fix fix fix 

i 

AZIMUTH DETERMINATION 

Recalling Eq.  (16): 

$ 

-SR • -  [(X       cos A + Y       sin X) cos «5 + Z        sin cl — 
net net net ' SR 

D   . 
,     plane r r._, 

SR" l-(Xnet COS A + Ynet sin X) sin O - Z_t cos (PJ net cos e 

+ [X sin \ -  Y       cos A] sin 9} n«>t net 

From the expression for   SR,  the partials with re- 
spect to Dp[ane and 6 can be computed: 

27 - 
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ÄTTT '\ ' ^17 '-l(X       cos X + V       sin x) si'   (9 - Z    , cos O) cos 6 - (IJ  .       I    SH net net net 
plane 

+ [X        sin X - V        cos XI sin 6}    . 1   net net 
(17) 

l) 
9 <-SH)        plane ,,,, v      ,. w a 

• .., ' ■ — ILX        sin X -  ^        cos XJ cos 9 
3 (8) SR        L   net net 

[(X        cos X + V        sin X) sin 0 -  7.        cos WJ sin 6} .  (18) 
net net net 

If we make the following definition; 

C(k. 1) - V  X - USR.   - -SRj^^) 

C(k.2) =- 
ä(^SR)k       MASK).   , 

C(k,3) ■ 

it follov s that: 

3(0 .    r diD.   ) 
plane plane 

ä LSR),      ä LSR),    , 
k k-1 

3(9) 3(6) 

m 

where 

A.. -    I    C, . • C. .   . 

1-2,  3 

j » 1.   2.  3 

A91 + A      d(ü        o) +A      dO) - 0 
Jl 2 2        plane 2.5 

A,, + A    d(n .     )+ A_d(e) - o 
31 32        plane 33 

Solving for d(D  ,       ) and d(e): 
plane 
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4«n I     [A31 A23 ' A21 A33] 

Plane       L-A22A33-A32A23J 

d((5) ■ 
[A21 A32 ' A31 A22J 

[A22 A33 " A32 A23^ 

D   . = D  . ., + (1(0,       ) 
plane new        plane old plane 

9 ■ 9  ,    +d(e)   . 
new        old 

If ,d(Dp^ane)!  or |d(9)| are greater than the predeter- 
mined breakout criterion, then the iteration is repeated. 

Otherwise: 

D   ! f      = D   I plane fix        plane new 

fix       new 

If the antenna separation (D) is known,  then the cal- 
culation is somewhat simplified and only the azimuth angle is 
a variable of solution. 

Again from Eq. (18): 

5 (2SR)        plane r rv •    i      -.7 \ i a 5 ta.    '    Sjp     I [X       am X - Y       cos X J cos 6 
9 (9) SR net net 

-[(X    ^ cos X + Y       sin X) sin o - Z    , cos <p] sin 6] 
net net net 

The function F is now only dependent on 6: 

m 
Ea (ASH,   - aSR       ) 

[\kX - (ASR    - AS^j) Me) d{d)r   . 

The C matrix then becomes: 

- 29 - 
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C(k.l>.NkX.(ASllk-ÄSRk.1) 

C(k,2) - 

From which; 

M:SR)k    .CSR)^ 

Me) a (e) 

m 
\    =   L   C      • C 

" 1     k = l     k2       kl 
I 

m 
\    =    L    C     2 

2      k»l     k2 
.1 

k   + A« dO) =0   . 

Therefore: 

d(9) - -Aj/A     . 

The estimate of 6 is then improved: 

e        = 6   ,    + did)   . 
new       old 

If |d(0)!  is less than the breakout criterion,  then 
9MX = Qnew' otherwise the iteration repeated. 

1 
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3.   HARDWARE DEVELOPMENT AND INITIAL TESTS 

I 

INITIAL TEST CONFIGURATION 

The initial Aztran tests employed two APL transloca- 
tion backpacks as satellite receivers.   These units (Fig.  11) 
received the 400 MHz satellite signals on antennas separated 
by about 50 meters.    Both receivers were driven by the same 
5 MHz local oscillator to provide phase coherence between 
the two 32  kHz lilt -rmediate frequency outputs. 

The phase difference between the two 32 kHz outputs 
was measured by the phase comparator.    A flip-flop was 
turned on by the negative-going zero crossing of one 32 kHz 
IF and turned off by the negative-going zero crossing of the 
other.    The flip-flop's output was then integrated over many 
cycles producing an analog voltage proportional to the phase 
■hift between the IF signals and fed to a strip chart recorder. 

Results 

A number of satellite passes were received using this 
configuration.    The phase was recorded on a strip chart and 
the 2 minute time marks were superimposed over the phase. 
To determine the number of phase counts during a 2 minute 
interval, the charted sawtooth wave forms were counted be- 
tween the time markers and recorded. 

From a survey,  the azimuth of the antenna base line 
was determined and compared to the computed results.    The 
errors in various passes are plotted in Fig.   12 against the 
number of usable 2 minute data intervals received.    As can 
be seen, the errors were strongly dependent on the number 
of intervals,  indicating a great deal of noise in the data. 

Many intervals had to be discarded because one or 
the other of the receivers would occasionally lose the satel- 
lite signal.    If this happened for even 1 second then the data 
from the entire 2 minute interval had to be discarded.    This 
initial test coifiguration demonstrated the system concept: 

- 31 
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Fig. 11    SETUP FOR INITIAL AZTRAN TESTS 
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Fig. 12   PASS AZIMUTH ERRORS VERSUS NUMBER OF USABLE 2 MINUTE INTERVALS 
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however,  it became apparent that if mo~e accuracy were de- 
sired,  better use would have to be made of the available data, 

IMPROVED TEST CONFIGURATION 

There were two basic problem areas in the initial 
test configuration.    The first problem was the large amount 
of usable data which uas being discarded when the receivers 
would lose the signal for a short interval.    This problem was 
minimized by changing the measurement intervals from 2 
minutes to IS seconds.    Thus only 15 seconds of data would 
bo lost if a receiver were to momentarily lose the signal. 
Shortening the measurement interval required a knowledge 
of the satellite position every 15 seconds instead of every 2 
minutes.    These coordinates were obtained by a fourth order 
Lagrangian interpolation of the 2 minute interval X-Y-Z co- 
ordinates. 

! 

The second problem involved data reduction.    In the 
original system,  it was necessary to manually read the  strip 
chart recording and estimate the true phase from the noisy 
phase recording.    It became desirable to automate the entire 
process,   which would allow data collection on a 24 hour basis, 
To solve this problem,  use was made of an available Honey- 
well H-21 computer.    This is an 8k computer with IS-bit 
words which was already interfaced to the APL backpack re- 
ceiver to perform the navigation calculations. 

A different ptiase comparator was built that gave a 
digital measure of the phase difference in the signal.    On 
command from the computer,   one counter would count the 
number of iJ Alii? clock pulses occurring in one complete 
cycle of one of the 32 kHz IF outputs.    Another counter would 
simuuaneously count the number of 10 MHz clock pulses oc- 
curring between negative-going zero crossings of the two IF 
outputs.    These two counts were transferred to the computer 
and a ratio of them taken giving the percentage phase delay 
to an accuracy of about 2°. 

The computer sampled the phase up to 100 times per 
second and then fed these samples through a second order 
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Results 

Tests were run using the improved test configuration 
for various filter parameters listed in Fig.   13.    From the 
tests, it was determined that the following appeared to be 
optimum values: 

■ 
i 

I 

K    =0.8 
v 

K    =0.03   . 
P 

with a sample rate of 12 samples per second. 

With these values fixed, groups of passes were re- 
ceived and analyzed for different values of the constant 
FSHIFT.    Table 1 lists the results.    In part A,  it can be seen 
that the rms error in azimuth and separation is fairly con- 
stant for values of FSHIFT less than 9.    In this calculation, 
azimuth and separation were both variables of the solution. 
In the azimuth solution,   one of the groups of passes was ana- 
lyzed solving only for azimuth.    The separation was deter- 
mined by a survey.    The rms error in this instance was 
about half that obtained in the azimuth and separation solu- 
tion.   This again indicates that there is a great deal of noise 
in the data since most of these passes had six or seven good 
2 minute intervals. 
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Table  1 

Results of Computer Filtered 
Aztran Passes 

AZIMUTH AND SEPARATION- SOLUTION 

FSHIFT Antenna Azimuth 

i-  

Antenna Separation 
(meters) 

Number of 
Passes 

Mean rms Ale an rms 

8 i:v-, 0.316' I. 83' 51. 899 0.072 6 
7 73°,  0. O!^' 1. fU' 51.846 0. 115 9 
8 73c

(  0. 463' 1, SO' 51. 868 0. 099 16 
9 73°,   I, 90V G. 834' 51.829 0.214 IS 

AZIMUTH SOLUTION 

FSHIFT Antenna Azimuth N'umber of 
Passes 

Ale an rms 

8 73*,   0. 703' 0. 88' 17 

D 
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4.    CONCLUSIONS 

I 

I 

The tests run to data have given very encouraging 
initial results.    The theory and system concept have been 
proven to be practical.    If the system errors can be further 
reduced to about 20" of arc (a factor of three improvement), 
then the system can compete with north-seeking gyro com- ' 
passes in the equatorial and mid-latitude regions. 

Multipath errors from ground reflections and track- 
ing filter errors appears to be the dominant problems.   An 
error analysis of the Aztran system (Appendix B) indicates 
that improved accuracies should be achievable if the phase 
measurement errors can be brought under control and the 
antenna separation accurately measured.   As the system 
exists,  without improvements,  it is still an unique tool for 
polar navigation offering the only true all weather azimuth 
measuring system which exhibits no singularities at or near 
the poles. 

r 

I 
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Appendix A 

AZTRAN COMPUTER PROGRAM 

I 
I 
I 
I 
■ 

I 
I 
I 
I 

The following is a listing of the PL/I program used 
to solve for antenna azimuth and separation.    The inputs to 
the program include navigator's position,  satellite position 
as a function of time,  estimates of azimuth and antenna sep- 
aration,   and the measurements of phase change during the 
satellite pass. 

'<. 

i 

, 
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Pl/I   CPTiniZIIC  COHPILER »ZTRAH:    FBOCEDUtE  OPTIONS   (HtlN)    SEOBCr ': 

SOUICI   IMTXN 

S1RT  LET   II 

t     0 
1     0 
1      0 
1      0 

1     0 
1      0 
1     0 
1     0 
1     0 
1     0 
1      0 
1     0 

1      0 
1     0 
\     0 
1     0 

0 

1     0 
!     0 
!     0 

0 
0 

l     0 
!     0 

2 b         4 1 
(     1 

2fl 1 
0 
0 

31 0 

32 

33 

AZTIAM:    PDOCEDURE   CPTIONS    (HAIN)    RECPDEP; 
/• A2TRAM   NAVIC.ATION   PRCCHAdV 

DCL    (ONSüUFCE.ONCIIAR)     HUILTIN. 
DCL(»NET(0:6t| ,»HE1 (0:6K) .ZNETIO:*«))    F1CAT(15) ; 
DCL(IS(C:bm ,IS(0:(>i| ,ZS(0:6ii)|   FLCAT(IS) ; 
OCL (SR |0:bU) ,DSR (0:6U) ,05(0(0 :6U) , DSDAZ<0:61))    fLOAT (1') ; 
OCL|C(0:6],3< .AU: 3,31)   rLOAl(15) ; 
0CL(IN,TN,Z)>, BLATII,BLONG,E.I ,G)    fLCAT(15) ; 
DCL   PHASE (0:63),TE:T(0:63),0(0:6 3) ,DEL(0: 63); 
DCL   (DA|7^| ,TI(75) ,AZI0(7S) ,tZIIM75) )   INIT(0); 
DCL   (SE((7S) ,INT(7S) .AZIR0(7;) , AZIRn(7S) )    INII(0); 
DCL   lOGCOO   CHAR(80) ,BAD   CHAR (3) ; 
DCL    (AZ,AZACT,AZD,AZER,AZEST.CACT,CAZ)    fL0AT(1S): 
OCL    (DCPLAII,DELTH,CEST,DPLAI,r,HT,R,RE, HAVE)    rLOAT(IS)' 

/• •/ 
RE = 63781i»0; /»EARTH'S   R'OIUS   1»   HEIE-S»/ 
yAVE«.7i.9i4e23Ui /«HA«.      -CTH   AT  UOOHHZ.    •KETEfS)    */ 
P»0,003353229; /»EABTH'.   COEFFICIEIIT  Of  mtTEIIIKG»/ 
BhEAK'.OOPI; /•BREARCUT   LIBIT«/ 
Ml| /•   PASS  HUIIBE8»/ 
/• •/ 

01   EIIOriLE(TAPEI)    EEGIN: 
PUT SKIP ltflt{*in er fiiE'): 
CO   TO   KD; 

END; 
OB  CCBTEfiSICN   GEGI»; 

PUT   SRIP   LIST (OHCHAR.ClISOUflCE) ; 
OC   1=1   TO   10; 
GET   PILE cmEI)    SKIP   EDIT(NOGOOC) (A(80)) ; 
PUT   SRIP   LIST(NOGCOD): 
END; 

GO   TO   ICAD; 
END; 

/• •/ 
/* •/ 

GET   L:S1(AZACT,AZEST,0ACT.DEST,CELTH); 
/•AZACT-MJH VLTEt;   AZIHUTU.USE   0   IF   UBRMCHN*/ 
/•AZEST^ESTIHAriC   AZIHUTH»/ 
/*AZACT  C   AZEST   IN   DEGREES  AND   PRACTiCNSV 
/•DACI-SURVEYED   SEPARATION,    USE   0   IF    UNKNOIIV 
/•OEET'ESTIRATEC   SEPABATICN*/ 
/•DELTH-HT   OF   BENOTE  ANTENNA   ABOVE   BASTEI*/ 
/•ALI   CISTAICES   IN   HETIRS*/ 

/• •/ 
GET   LIST(GLATI,Bi.JIG.HT) ; 
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PL/I    OPTIHIZINC   COHPILEI 

STUT   IE»   IT 

AZTPtN:    FIOCECURE   OPTIONS    (lUim    BEOROER; 

I 

3U 

35 
M 
II 
II 
]9 

«e 
Ul 

»1 

UN 

uh 
47 

UH 
I« 
SO 
SI 
52 
S3 
M 
ss 
H 
S7 
SH 
S9 
hO 

61 
6? 

63 

6U 1 C 
6S 1 1 
66 1 1 

67 

/•BI.«TN'5URVE»£:   LATITUDE   IN   DECRIES   Of IUSTER   IM»/ 
/•BLCN.i = EUR»ErtC   LONGITUDE   IN   DEGREES   CP   MSTZi   *lt»/ 
/•HI = HT   IN   flETEfS  OP   ««STEB   «NT   ABOVE   GEOIDV 
GET   LIST (THRESH); 

RESTART: 
IS = 0; 

ZAf-O; 
HL»NK 0. 

•/ 
/•ROUTINE   TO   SIAITH   POR   START  OP   PASS  01   IAO   TAPE*/ 

/• V 
LOAD:   GET   PiLMTAlMI    EDIT (E AC) |A ( J) ) : 

IP   SUPSTR (BAD, 1,1) »•    '   THEN   DO; 
IUM*HMIMl 
GET   PILE (TAPE1)    SHIP ( I) ; 
GC   TO   LOAD: 
END; 

ELSE   DO; 
IP   BUI>K>7     THEN   DO; 

OOA(-BAD; 
GET   PILE(TAPil)    EDIT (TT1HE) (I(J) ,P(lt)) ; 
BLANK'O: 
r.o  TO  OR ; 
END; 

ELSE   DO; 
BLANK-O; 
GET   PUE(TAPEI)    SRIP(1) ; 
r.c ra LOAD: 
END: 

END; 
CA (P) ■•Mil 
TI (F) MTIHE; 

/•       •/ 
/• BEAD IN THE IYZSV 

/•        •/ 
1=0 TO 56 BT B; 
GET FILE(TAPEI) SKIP E DIT (IS 11) , IS (I) ,IS (I) | 

(E(13,B) ,1(3) ,E(1J,8),I(J) ,E(13,8)) ; 
END; 

/•       •/ 
/•READ PHASE ABC C0B8ELATI0N•/ 

/•        »/ 
00 I'O TO 5b; 
GET EILE(TAPEI) SR IP EDIT (PH ASI(I) . 0 (I) ) (P (7) , I (3) , P (6; ) ) 
END; 

/•SCALE fHASEV 
PNASF-PRASE/1000; 

OK 1 

DO 

I 

:: 
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PL/I    CPTIRIIINC   COKFILEI 

STNT  LIT   IT 

tZTRtN:   PI0CEDU8E  OPTIONS   (RAIN)    ttOttt   ■, 

66 1 
1 

0      1 
69 1 1      | 
70 1 1      1 
71 1 0      1 

1 

72 1 0      1 
73 1 1   1 
7« 1 2      1 
75 1 4            | 
76 1 2     1 
77 1 1     1 
79 1 1     | 
79 1 1     1 
BO 1 0     1 
81 1 0     1 
82 1 0      1 
83 1 0     1 

8<t 1 0     1 
85 1 0      1 
86 1 0     1 

1 

87 1 
i 

0     1 
88 1 0     1 
89 1 0     1 
90 1 0     1 

I 

91 1 
1 

0     1 
92 1 1   1 
93 1 1   1 
91* 1 1    1 
95 1 1   1 
96 1 1   1 

1 

97 1 

1 
1 

0      II 
98 1 0     1' 
99 1 0     1 
00 1 0     1 

/•SEARCH   FOR   UM   STORED   PHASE  IKTERfAL   COO)«/ 
DO   I'*3   TC   0   B»   -1; 

If   D(I| >0   THEM   GO  TO  D1; 
END: 
D1:    CD-B»TRUHC(I/8); 

/• V 
/•FIID  GCO0  PHASE   INTFRVAIS   AND  CCHPUTI  DIFFEREiCIS*/ 

/• •/ 
DO   I'OD   TC   2   BT   -1 ; 

IF   (t(I) >THR£SH|D(I) <0)   THEN   DO; 
PHASE(I) =999; 
ZAP:ZAP*1: 
END: 

ELSE   PHASE (I) 'PKASE (1-1)-PHASE (I) ; 
IF   AES(PHASE(IM>15   THEN   FHASE(I)«999; 

END; 
PHASE(0|=999; 
PHASE(1)-999; 
IF DC-ZAP<2C THEN CO TO ENDD; 
INT(P) =CD-ZAP; 

/•       •/ 
/•INTERPOLATE.   FROR 2   RIN   INTERVALS  TC   15   SEC   IRTEIftlS*/ 

/• •/ 
CALL IN1ERP(IS, DO); 
CALL INTEFPdS. CL| ; 
CALL   INTERP(ZS,    DD); 

/• •/ 
/•CCFfUTE   NAVIGATOR'S   POSITICR»/ 

/• •/ 
R'RE/SCRT(COSD(BLATN)«»2H1-F| ••2»SIND (BLATN) ••2) J 

IK« (P. HI) «COS C (BLAIR) •COSD(RICNG) ; 
TR«(R»HT) •CCS0|BLATN)*SIRD|B10RG) ; 
ZN- (B* |1-F|"2*HT)*SIRD|RLATR) ; 

/• •/ 
/•CCFFUIE SLAN: RARGESV 

/• •/ 
DO K-0 TC DC: 

INET(A) =IS(F| -IN; 
TN!T (K) •TS(K) -IN; 
ZN'T (K)'ZS(K) -ZN; 
SR(R)'S0BT(IRET(R)**2MRET(R)**2*ZREI(R|**2) ; 

END; 
/•       •/ 

/•CONFUTE THEORETICAL [HASI*/ 
/•       •/ 

OEL'O; 
TEST-O; 
IF AZACT>0 THER GC TO ZZ1; 
IF CACT'O THER CO TO ZZ1; 
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Pl/I   CPTIH 

S1IIT   L 

101 
K2 

10 J 
10« 

ics 

10t 1    1 
W1 1     1 
101 1    1 
101 1      0 
110 1     0 
in 1      1 
It] 1      1 
ii 1 1      1 
llu 1      1 

IIS 

116 1     0 
in 1      0 

im 1     0 
ii^ 1    1 
uo 1     1 
in 1    1 
Mi 1     1 
in 1    1 

12U 1    1 
12b 1     0 

ms tonrurn miM:   PIOCEDURE  OPTIÜKS   (Hill)    IEOICEI; 

126 G 
i:7 C 
121 c 
121 c 
uo 0 

131 
132 

DPL»IMSCI>T(UCT«»2-DEITH»»2) ; 
ItalSACtl 

/• •/ 
/•COPfllTE   P»RTI«IS«/ 

/• •/ 
DC   K-0   10   r D| 

E'- (INEi- (K| «COSC (BLONG) « t NET (K) «SIND (EIONUI) 'SIND (El' 1TI) 
• ilttlK •CCSC(flL«III) ; 

h'( (INFT (K)»CC5    (BLONÜ) »Y»ET (K) »S I NU ( BLOKO) 1 »COSB (BlITI) 
• ZNIT(X) •SIND(eLATN)) ; 

.    - Ii.- T (M •'■I IC IBU.N ;) »TR El (R) • COSD ( BLO« G| ; 
tU (M     ÜILAN« (£«COSD(«Z) *G«S I HD ( ÄZ| | /SBIK) »H'DEL TH/S8 (R)  ; 

EKD; 
TEfT IT) '991; 
CO   »--1   10   Dt; 

I_";T(KIMD5II(K-1)-OSR(R))/«»VE; 

CEL (K) -rH»3E(K1 -TEST(K) ; 
•.f   PH»SE(K)-999   THEM   OEl((l)"0; 

IRBl 
, • •/ 

ZE1:    PUl   SKIP   EDIT('D»r   '.liCtl,' TIB!   '.TTIBE,    • CUT   1 
I». M )) ,*,P (D) ,1) ; 
PUT  SKlf ( D ; 
PUT   Ktl   HSTC    K IS ES .S ' R.PHASE 

T.PHASF 0EL1*   PHASE COBBEIATICN ELEV1)! 
DC   !•(   IC   DC; 

II«   SjPT (IN«»2»Y,««»2«ZH««2) ; 
l2«IOI1inil)**2*1S|l|**2*tO(llt**t|| 
Z3={Z2»,;-Z1«»2-SF(H|,,2)/(;«Z1»SB(A)); 
EL"ATAI<C(:3/SgPl(1-Z3»»2)) ; 

PUT   Mil   COITIK,!!; (K),tSfKJ.ZS |B|, PHASE (F) .TEST (R) , DEL ,11) , D (B) , EL) 
(K2) ,F(1«,2),K1U,2),F(1'»,2) ,f (11,«) ,1(3) ,f(8.ll) .K'j.f (8,«), 

1(8).F(8) ,1(7) .E(5.1)) j 
EHE; 
PUT   PACI; 

/• •/ 
/• •/ 

/•SOIVE   FOB   AZTPUTH   ABC   SEPARATION*/ 
/• •/ 

PUT   USTCAZinUTH   AliD   ANTENNA   SIPABATIOB   ITEBATION')! 
iUl   SBK |J) ; 
»Z'AZESl; 
DPIAII«S(;BT(CEST«»2-CELTH»»2) ; 
1-0; 

/•        »/ 
/•COBPUTE PABIIAIS»/ 

/•        •/ 
STABT:  CO R»0 TO DD; 
E—(INET(I) •COSC(BI.ONG) > T «ET(K) *S IND (BLONG) ) «S HO (B.ATI | 
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PL/I   OPTIBIZIIC  COBPIlEi UTBKU:   PRCCIEORI   OPTIO«S   («»I»)    lEOICE" 

STHT   LI»   IT 

133 

13« 
135 
136 
137 
13a 

139 
100 
1(41 
1U2 
1U3 
1UU 
1U5 
1u6 
1147 

114 ft 
m9 
150 
151 

152 
153 
15U 
155 
156 
157 
158 
159 
160 

161 
162 
1S3 
I«« 
165 
166 
167 
168 
169 
170 
171 
172 

1      1      I 
I 
I 
I 

I 

0 
0 
c 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
1 
1 
1 
1 
c 
0 
0 
0 

• ZNET («) •CCSD(BLATN) ; 
H=((lNET(K)»C0SD(BI,Oli(;)MliET(M«SI»D(tLONG|) »COSD (IC »T«) 

*ZI*IT|K) «JINC (ULATN) ) ; 
G"im(ll)«SI»D OLONG) «Y HIT (K) »COST (ELOiGI ; 
CSI1D(H| ■ (t«C0SD(»2) ♦r,»SIIID(»I))/SB(K) ; 
DSR»Z(II   »Bflill» (-E»SIIID(»Z)»G»COSD(»in/S«(R): 
DSR (R'   DFL»«« (i'COSDiAE) »G'S IRD (»Z))/S«(*) ♦M»DU.TH/Si(R) 1 

IEND: 
I •/ 

HtlBII*/ 
•/ 

/• 
|        /»CORfUTE 
I /• 

IC = C: 
|DO   R'O   10   DD-1; 
IIP   PH»SI(R»1)-999   THER  GO  TO  OUT; 
|C(R,11 •FH«Sl(R»1)»l(*VE»DSR(ROl -DS«(R| i 
|C|R,2):CSRtZ|K*1)-CSR*Z(K): 
|C(R,3)=tSllD(R»1)-')SRB(Rl i 
I        DO  8-2  TO   3; 
I DC  J»1   TO   3; 
I KR,J)«»(8,J|«C(»,R)»C(R,J) J 
I ERD; 
I      fRD: 
lOUT:   ERt; 
I /• 
| /«CCRPUTE 
I / 

»ND 
•/ 

11ST 
•/ 

RESIDUtLS*/ 

|D»Z'(»!2,31 •»(3,1i -»(2.1|»»(3,3))/(A(2, 2)»»0,3)-»(2,3)»»(3.2)li 

I DDP/' ,1).»,(2.2»-»<2,1|»*(3,2))/(II2,3»»»(J.2)-*(:,2)»»(3,3)H 

|DP' 'D0PL1R: 
|AZ*«. 
11*1*1: 
IIP   I>20   THEN  GO   TO   ERDD; /»TOC   8»Rf   IlEiRIIORS»/ 
IIP   »BS(t»Z»>mAR   THE»   GO  TO   START; 
IIP   »BS|LD(L»»1>0.1   THE»  GC   IC   SI«»I: 

I /• V 
ISIGHR'O: 
IDDC'DD; 
(PUT   EDIK'I' BESIDURL 
I DO  R«0   10   Dt-I; 
IPUT   SRIP   £DIT(R,C(R,1)l (P(2) ,I(Sl,P(1«,«|»S 
j SIC8A'SIG8A*|C|R,1)I •*2: 
I IP  CIR.D'O  THE«  nDC»DD0-1; 
IERD; 
)SIG8»-SC8T(SIGB»/DDD) i 
IPUT SRIPO : 
UZD-TRUICIkZ) i 
IRZIOIPI'AZOi 

ITEIATIO»   ROHB.SM) (i,P(3)) : 
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PL/I   CCTIBIZIiC   CCNPILEB 

STBT   LEV    IT 

«Z-P»N:   PSOCIDURt   OPTIOIIS   (HIIIQ    lEORCEK; 

f?J i 0 
IT« i 0 
IfJ 1 0 

|T| i 0 

177 i 0 
17« i c 
17-J i Q 
1«0 i c 
Ml i c 
i«; i 0 
l*j i 0 

IM 1      C 
1f^ 1     c 
1»6 1     1 
1-7 A 

III 2 
l»q 2 
HP 1 
111 0 
192          1 0 
Itl     1 c 
llu        1 0 
195        1 c 

IM 
"17 

IM 
IM 
20fl 

201 
202 

203 

20« 
205 
IM 

1 0 
1 0 
1 0 
1 0 
1 0 

',«:£,•   etc       '«Mi«1 "!■', 

•,SO«TtCPL*»»»2«DElTH«»2),'   HEIEIS') 

•.»ZE«.'   HI»') U.f (V),») : 

lltR'(MHS(lt«ill| : 
|AZIH(i'|    »71; 
IPUT Mtr IDI;('»ZIPUTH 
I (*,r (   l ,A,F(7,il| ,A| I 
IPUT   suit   EDIT ('StrmTICN 
i       («.r (7. j),«); 
|3li(t)=;,fT(DPL»N»»2»DtLTH»»2) 
IPOT S'U; 
i:r »:»^I-ü ITIEH GO TO ZZ2; 

|ttt>*l9*|lt«CT«itl ; 
IPUT SKIP IDIT('AZ:PUTM zacoa 
IZZ2::r   CACT'O   THEI*   f.O   TO   ZZ7; 
IPUT   5Mf   |ftXr|*l>*.   EPROB        •,C»CT-SCIIT(tPL*l««2»0ElTII«»2) ,'   «ETEiSM 
I I«, f IT,*) ,1)1 
I /• •/ 
I /«TErT   POR    3   SIGH»    BESIDUAIS»/ 
I /• •/ 
IZZ7:     J.1=C; 
icn   g-o   je   3C-1; 
i;r «r5(c(ii, IIDI'SIUHA THEN DO; 

I FhA3f («♦ 1) •999; 
I        M*JJ*1| 
I ENt; 
I II0| 
IPUT   JKIF   EOIT('3   IIMI   STPIP-'.J'SIGBAMA.f (*,«)): 
IP'IT   'PCI |2l ; 
IIP   JJ>3   ThEK   CO   TO   START; 
IIP   CACT-O   THE»   GO   TO   TALM; 
IPUT Mali 
i /• •/ 
i /• •/ 
I /•AZI'MITH   ITERATION,F1UST    RNON   BALT*/ 

I /• •/ 
lAZIT:    PUT   SRIP   LIJTCAZIflUTH    ITEPATICN'): 
II = 0: 
IPUT   rKrf |U| ; 
lDPLA'iJ..-:|UCT«»2-DlI.TH«»2) ; 
I AZ^AZEST; 
I /• •/ 
I /•COIPBTI    PARTiAlS»/ 
I /• •/ 
I8EG:N:    CO  A•3  TO   DC; 
I E" (INiT im'tG-LIDLONli) «rNETIK) •SINBtBLONCI) •SI«0|B-»T»| 
I »MITdl «er?!! (ÜLATN) ; 
I R*|flMf |i|K'0<t(IWM|*ll>tT|l|*StM (EUiNG)) •COSO(Bl.tTI| 
I 'INETIRl'SISD (ÖLATN) )»DUTH/CPLANi 
I G--INET|II| »SIND IBLONG) «TNET (R) «CCSDieLOiG) ; 
I DSRA2(RMDFLAN*|-l«SINC(AZ|*C*CCSC(AZ))/SB|R|; 
I BSR (R)-Bri.AR« |H»E»COSO(AI| »G'SIND (*I) |/SI(R) j 

;. 

n 
■ i 

0 

0 

i2  - 
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1 
I 
I FL/I   CPTIBIZIIS  CCKPILtlt 

sim itf IT 

IZTB»«:   PIOCEDUII  OPTIOIS   (Itll)   lEOIECr ; 

207 1  1 IDS 
208 1 IE« 

709 0 
1 
1» 

210 IO 
211 |D0 
212 HE 
213 |C( 
21« |C( 
215 Ml 
216 1*1 
217 |0U 

1 

218 0 
1 
ID» 

219 1  0 l«z 
220 1  0 11» 
22 1 0 HE 
222 1  0 HE 

22) 1  0 ISI 
;2u 0 100 
225 0 IPU 
226 0 1 p 
227 0 IDG 
22« 1 IPU 
229 1    1 | 
2J0 1 1 
231 1 IEN 
232 1  0 ISI 
2)3 0 IPU 
23U 1  0 liZ 
235 1  0 I»: 
236 1 c 1 tz 
237 1  0 l«Z 
238 1 c l*Z 
239 1  0 IPU 

2«0 1  0 HE 
2«1 1  0 IPU 

i 

2«2 1  0 ISI 
2«J 1 c 100 
2«« 1 1 HE 

ME) 'CPLtE*|H>E*COS0(kZ| *C*SI KO (11))/SI (K) I 
C; 

/• •/ 
/•CCMUTt   C   ««TPIIV 

/• •/ 
= 0; 
= 0; 

E-O   10  DC-1; 
PHAS1 IK* 1) '999   1HEN   GO   TO   OUTT; 

(E. 1) <mSE|EO| 'U«E*0SR (M1|-0SI|I) ; 

(E,2| 'CSF»Z|E»1|-[SR*Z(K| ; 
(2.1|=M2,1|«C(«.1)»C (»,2) ; 

,2I«M2,2) •C(R.2)»«2i 
JIT:   EkO: 

/• •/ 
/•COPFUTt   tac  TIST   RESIDU11S*/ 

/• •/ 
»Z = -57.29578«*(2,1|/»(2,2) : 
|«M*tMl 
■ I»): 

I>20   THEN   CO   TO   ULLI; 
*?5 |C«Z| >BR[4K   THEN  CO  TO   EIGIli 

/• •/ 
[•M«tl 
M«N| 
JT SK :p(ii : 
I'UT   LDITCR 

R'O   TO  DC-1; 
JT   SKII   E0IT(R,C|R,1)HP(2|.I(S),r|1*,«n: 

SICIIA--!lnHI*(C(R,1|)**2; 
IE C|R,1|'0  THEN   DDD-DDC-1; 

■ t: 
GH»   3CfT(Slr,(H/CCC) ; 
1   SKIF(2) : 
c- TPUNt (»zi : 

IHDIF) •Mtl 
P   M'AliS («Z-«ZDi ; 
INHIPI ■•U| 
f t =bO»(»Z»CT-«7,  ; 

T   SEIF   EDITI'iZTRUTH 
(l,EI3) ,»,r n,U| ,«) ; 
tZtCI'O   THEN  CO   TO   ZZ8: 

T  SKIP   EDITCtZINUTH   EIIOI 
/• •/ 

/•TEST   POI   3   SICH»   IISIDD11S*/ 
/• •/ 

I:   JJ-0; 
1.0   TO BO-lj 
»ES (C(K, 1) ) >3«31G(I«    THE«   DO; 

lESIOUIL ITEimo«   «UH   ER',11 (»,E(3n ; 

•.kit,1   DIG '.iZR,*   «I«*) 

.kin.'   IIIM U,E(9.«),») i 
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H/i  CFTiniunc, COBPILFR *:-H«H:   PROCtOUBC  OPTIONS   (mil)    KEOICEI: 

STHT Ltl «T 

2»S 4 

;«« 2 
JUT 
2UR 1 
I«f 0 
2S0 t- 

^l 0 
ili - 
.SI c 
]S« 0 
i55 0 

:'». 1     C 
.^7 2      C 
2')H 2     C 
iM 
2ft< 
:>.i 

2« i 
3i« 
.b5 
2>>6 
267 

• - 
.0'» 
271 
271 
272 
273 
iiu 
2 7s      ; 
27*      ; 
277 
271       ; 
171     ; 
2Mn V 

Itl        i C 
2H2          1 0 

2''J        1 0 

28>.        1 0 
2flS        1 0 
2H6        1 0 

PH»Sf (K» I) '919; 
JJ>J.l» 1 ; 

END: 

FSC; 

pin SKIP last 1*1 sMM siPif■•,3«sioiu) u,r(*,»)) ; 
nn smiui ; 
If   .IJ)0   TlltN   (IC   TC   E£i;l»; 
TULLT:    V   P»1| 

ir   f>7^   THEN   P^7i; 

IHCC:   PUT   PA'.E; 
r,0   TO   RlSTiüT; 

/• •/ 
/• •/ 

/•L*CR»Nf,I»K    INlfFPOLKTIUN   ROUTIHF»/ 

/•THE   CBDEB   CP   I NT IPPOLATICN   W»RI!S   NITH   THE   NUNEtB   Of   liTHfALS»/ 

/• •/ 
INTEPP:    PPOC£C;jfit(m»Y,   CC)    FECiDEB; 

DCL   «118*7(0:611)    FU*T(1)1    CCNNECTEC; 

CO   fl'O  TO     CC-O   hi   8; 

CO  »'«»I   TC  «♦7; 

IF   N>f   THEN   L-N-8; 

IF   ll>CC-16  THEN   l = Ct-21i; 
IF   n:1()   THFN   1 = 0; 

CO   I'L   TO   L*2H   PY   8; 
TEPBI; 

IF   l*t   THEN   DC; 
CO   J = l«8  TO   L«2i*   BY   8; 

TEPN'TERH» (K-J)/(I-J) ; 

END; 
END; 

ELSE   DO; 

DO   J'L   TC   T-8   Pt    e,I«B   TO   1*2*  bl   8; 
TEBB'TEIillMF-J)/ (I-J) ; 

ENO; 

END; 
«BR«T(KM*&B*T(K| «TEBn'ARItKl) ; 

END; 

ENS: 
END; 

LNC   INTERF; 

NB:    PUT   P»r.l; 

CN   EBHCf   £Jj:EII; 

PUT   EDITf'LUT   •.BLAIN.'LON   '.rLONG.'HT    «.HT) 

(A,F(9,il),«(b),»,F(9,ll) ,Iij) ,«,F(7,2)); 

PUT   SRIt   (•IT(**ltC1   • .iZACI.'DltT   '.DICT.'OB   '.CELTH) 
(»,K9,U), 1(5) ,»,f (7,2) ,I(5( ,«,F(7,3)) ; 

PUT   SRIP   BDITCTHBESH   • , T Ri^ESN) (t , F ( 5) ) ; 
PUT   SR If (2) ; 

PUT   SRIF   EOITCDtT        TIRE INT        •ZIKOTN SEHBATION        tZIMUTH 
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I 

n/i oPTimzivc conpue« 

STHT   Ltf   IT 

»ITf»«:   PIOCIDUK  0PI10IIS   (Html    «EORDEki 

lONlT'l it) : 
287        1     0     (PUT   SKIP   lOITI'DIG   HII* ,• RZTt PS1.'DEC   «I «•) ( « (1 9) .* . I (   3| , * . I (7) , ») : 
286       1     0     IPUT  SKIM2I : 
289 1     0     IDO   1-1   TO  P-l; 
290 1      1      IPUT   SKIP   I0IT(Dt |I) ,TI(I) .iNT|I|.*ZID(I) ,*tIR(I) .SEP(I) .IXIRD(I), 

uziBBin) ir u)   ,F(ii ,ri6) ,f |7),n8,(4),nn, j),f i9),ri8.u)): 
291 1     1     IZID; 
292 1     0     IPIED1:     KB  IZTIil; 
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Appendix B 

AZTRAN ERROR MODEL 

SUMMARY 

A mathematical error model of the Aztran system has 
been developed to study the limiting accuracies of the system. 
Reasonable measurement uncertainties were selected,  and 
used as inputs to the model.    Rased on these uncertainties, 
a 50 meter baseline system should be able to achieve an ac- 
curacy of about 50" to 60" of arc rms and a 100 meter base- 
line system should approach 25" of arc rms in the mid lati- 
tudes.    The values vary somewhat with the azimuth angle of 
the antenna and the pass geometry. 

Uncertainties of 20 meters rms in latitude and longi- 
tude and 4 meters in height were used for the navigator's po- 
sition.    This degree of accuracy is obtainable by averaging 
a small group of refraction corrected passes.    The error in 
the navigator's position contributes almost nothing to the 
total system error and could be 10 to 100 times greater in 
magnitude before it approached the value of some of the other 
errors. 

An rms value of 8 meters in positional uncertainty 
was assumed for the satellite in each of the three Cartesian 
coordinates at any one fiducial mark.    This value of 8 meters 
is combined sa.elljte orbit prediction error and H-21 com- 
puter conversion error from Keplerian to Cartesian ele- 
ments.   No error correlation was assumed from measure- 
ment to measurement.    The position errors contribute little 
to the system error and could be as much as a factor of 10 
larger before they would begin to become significant. 

Two different pairs of uncertainties were used for 
estimates of the antenna separation and height difference. 
Eor the first pair 3 cm and 1 cm were used,  respectively. 
At this measurement accuracy,  these uncertainties tended 
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I 

to be the dominant error source for a 100 meter baseline 
system. 

The second set of uncertainties were 1 cm in separa- 
tion and 0. 5 cm in height difference.    These values require 
considerably more precise measurement techniques but are 
still feasible.    In this case the antenna measurement errors 
were significant for a 50 meter baseline system,  however in 
a 100 meter baseline system the dominant error source was 
the phase ."Measurement error. 

In the current Aztran system the phase is sampled 
100 times per second by the computer in a second order dig- 
ital filter.    The maximum phase frequency being tollowed is 
about 1 Hz.    Sources of phase error are jitter in the receiver 
phase-locked loops,  multipath reflections,  and sampling error. 
A value of 0. 01 cycle of phase error was selected as the rms 
measurement error.    This is not to imply an error of 0,01 
cycle per phase sample, but that the smoothed output from 
the digital filter (which is stored every 15 seconds) will have 
this rms error.    Due to the high sampling rate (1500 samples 
between stored values), the error from stored value to stored 
value was assumed tobe uncorrelated. 

The second section is a development of the equations 
used in the error model and the final section discusses the 
results of the model in more detail and their implications. 

: 

- • 

:, 

ERROR ANALYSIS EQUATIONS 

In the Aztran system,  a signal path length difference 
exists between the two antennas.    This difference is deter- 
mined by measuring the phase difference in the two received 
signals: 

-SR ■ NX, (R-l) 

where: 
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il 

-SR is the slant range difference, 

N is the number of wavelengths,   and 

^ is the wavelength of the received signal. 

Recalling Eq.  (12) of this report: 

^SR = (XIX + Y-1Y + ZOZ), 

where,  in Cartesian coordinates: 

(B-2) 

X = X    .   |M.    -X = X    - X 
satellite       navigator        s        n 

Y = Y -Y =Y-Y 
satellite      navigator        s        n 

I 

z = z   i ....   - z = z   - z    . 
satellite        navigator        s        n 

From Eq.  (10) of this report: 

9 2 2 i 
D = (AX    + ^Y   + AZ   r   , (B-3) 

I 

where: 

D ■ the antenna separation and 

D  . JD2 - (.H)2   . 
plane     ' 

From Eqs.  (13) through (15) of this report: 

_X = - D  ,        [ sin <p   cos \   cos 8 + sin X   sin 9 j 
plane 

+ _Hcos<p   cosX (B-4) 

1Y = - D  .        [dincp   sin \   cos 9 - cos X   sin 9J 
plane 

+ 1H   cos (p   sin A 

-Z = D  . cos o   cos 9 + AH   sin 0   , 
plane 

(B-5) 

(B-6) 

V 
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where: 

<P = navigator's latitude, 

X ■ navigator's longitude, 

6 = baseline azimuth angle,  and 

-H ■ antenna height difference. 

From the preceding equations,  1SR can be defined as: 

-SR - f(o. X.   HT,  X   ,   Y  ,   Z  ,   D   ,       ,  :H,   9) (B-7) 
s       s      s       plane 

The true jSR can be expressed in terms of a Taylor expan- 
sion about the nominal value: 

SR SR    + -^ (o   -<P   ) +||U    - X   ) + 
n       3o      t        n        ^A     t        n 

SR    +fi-6o + TT6X + —i-6HT + 
n      oO äX oHT 

The measured _SR can be expressed in terms of the true 
value  and the measured phase error: 

^SR      - iSR   + -^- 6 (ph    )   . 
m n     360 m 

By subtracting the nominal value from the measured value, 
the true value drops out: 

SK      -    SH 
n     360 6(1 

111 0  d 

if aj_ if 
a; ii 6o 

bLW 

■ (B-8) 

1 
1 

... 

.1 

"i 

: 
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I 
During a satellite pass,  many measurements are 

made.    An estimated azimuth angle is then improved in an 
iterative least squares sense to drive the nominal iSR to the 
same value as the measured _\SR.    Equation (B-8) now be- 
comes: 

ü»« -TTTT '5(ph     ) - [-r- 
360     r m        äc 

Sf - 6(p 

6X 

6^H 

.    (B-9) 

In a similar manner, the antenna separation error sensitiv- 
ity can be determined: 

r-OD^—— 6(ph    ) - IT- rr- ■ 3D 3 60 m ho d\ 
df   aj^n 

56 

6X 

6^H 

66 

(B-10) 

Assume that during the satellite pass,  n separate 
measurements are made,  each representing a data interval. 
Eq. (B-9) now takes the form 

Hi 

 n 
i9 

68 :ir,o 

6(ph   ), 
m 1 

«(ph    )., 
'      Ml   9 

Mph    ) 
m n 

i!    df 
n     n 

afr —                ^ 

3^11 
6o 

df2 
6X 

df 
n 

ä-ll 
S-ll 

(B-ll) 
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Let Eq.  (B-ll) be represented in matrix notation as: 

—"ö0 = 310" —"—' — (B-12) 

Using Eq.  (1^-12) and estimates of the various errors (0, X, 
.  .  .  ., AH, 6ph    ) an error in 56 can be determined to be 

m 

66 S'-fe-M-KEli)   •    U-J   .    (B-tS) 

However,  '■he desired result is not the error from a 
single pass for a given set of biases but the statistical vari- 
ance for a pass given an estimated variance in the error 
sources. 

This becomes 

■■     1/ X   k2 M-.'-t'-UW-* M   . ♦K ■   .KK •   IK «■H-f (IM4) 

, 

.. 

In Eq.  (B-14) [M '  M_ ] is the measurement error 
variance matrix which is diagonalized,  implying no correla- 
tion from measurement to measurement.    Similarly [ER ■ 
ER,1 ] is the diagonalized error variance measurement,  again 
assuming no correlation from error source to error source. 

From Eq.  (B-14) the system ser.sitivities to each var- 
iable can be derived and a total error budget can be deter- 
mined.    The only remaining problem is to calculate the par- 
tial derivatives of f.    Recalling Eq. (B-2): 

1SR = - ^k •(X .X + Y'    Y + Z-^Z) 

Therefore, the partial derivative of 1SR can be written as: 

La   .dpiil,, ^ v iv + z-z) 

IZ 
^n    ' JI Si       ii 3i       3 31     ' 

(H-15) 
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where i is one of the variables O, X , Xg,  Ys,  Zs,  D, Ml,  B. 
Recalling Eq.  (9) from this report: 

1/SR - (X2+  Y2 + Z2)'^   , 

so that: 

3 (1/SR) 1 
bi 

SR 
3 

v ax L,.3 Y , _ a z 
r) .    (R-16) 

X » X    - X 
s        n 

X=X    -(R+H^)cos0   cos X   , 
s 1 

(B-17) 

where: 

R - Re •  [cos20 + (l-f)2   sin2ü]'*   . 

Re = equatorial earth radius, 

O = navigator's latitude, 

X ■ navigator's longitude,  and 

HT = navigator's height above the reference ellipsoid. 

From Eq.  (B-17) it can be seen that: 

äX 
ax i 

ax ■ - cos 0   cos A. 

äX 
^- MR+ H-)   sinO   cos A. 

R 2 
+ —s •  f •  (f-2) •  cos   O   sinO   cos A, 
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Y » Y   - (R + H-,)   coscfl   sin X 
s 1 

(B-18) 

Therefore: 

8Y 
BY 

THE   JOHNS  HOPKINS  UNIVCMS1TV 

APPLIED PHYSICS LABORATORY 
*    -t* SPUING   MAHVLANO 

5X»(R+H_)   cosca   sin X 
0 A 1 

"■ 

y ■ Y  - Y 
s       n 

8Y - -   cos O   sin X 

ä V 
— MR + H   )   sin O   sin X 

3 2 
+ R     •  f • (f-2) • cos   w   sincfl   sin X 

Re" 

ÄY       i r-7- = - (R + H   )   cos •   cos X 

z = z   - z 
s        n 

Z = Z    -    [Rd-f)    + H-,]      sinO 
3 I 

oZ 
5Z 

ill 
sin O 

T 
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|S = -  [R(l-f)2   +  H_]    COSO 

R 2 2 
+ -5:-.  (1-f)    •  f.  (f-2)   sin   «   cos O 

Re2 

I 
AX = - D (sin w   cos X   cos 9 + sin X   sin 9) 

plane 

+ AH   cos O   cos X (B-20) 

3^X 
dD 

= - sin to   cos A.   cos 9 - sin X   sin 9 

plane 

ä_X     D (sin(fl   cos X   sin 9 - sin X   cos 9) 
—'— =    plaiie 

aj\x 
a^H 

cos to   cos X 

S-x = - D cos«»   cos X   cos 9 -.IH sine   cos X 
3 O plane 

a-X = D (sin (p   sin X   cos 9 - cos X  sin 9) 
9 X        plane 

_H   cos o   sin 

Y = - D ( sin O   sin X   cos 9 - cos X    sin 9) 
plane 

+ -H   cos O   sin X (B-21) 

bD 
blY     = - sin o   sin X   cos 9 + cos X   sin 9 

plane 

i£X > O (sino   sin X   sin 0 + cos X   cos«) 
9 9 plane 

älH 
= cos (fl   sin X 
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D . cos <P   sin X   cos 9 
plane 

-H sin <P   sin X 

8£Y 
3X - D (sin O   ccs X   cos 9 + sin X   sin 9) 

plane 

+ All cos O   cos X   , 

Z = D . cos o   cos 9 + JH sin o 
plane 

(B-22) 

a-z 
plane 

3   Z 
59  " " 

cos o   cos 9 

D   cos o   sin 9 

3_Z 
BAH ■in ü 

^— = - D  , sin o   cos 9 + AH   cos ü 
9ü plane 

RESULTS 

The results of th > error analysis for various passes 
has been tabulated to show the total rms error and the con- 
tribution from each error source (in seconds of arc) for 
antenna azimuths from 0C to 90c.    The pass geometry is de- 
scribca for each pass.    The error values chosen were 2 0 
meters in latitude and longitude,  4 meters in height,   8 meters 
in the satellite's X,   V,  and Z coordinates and 0.01 X in mea- 
surement noise. 

Table H-1 shows the results of a few passes over 
APL's Howard County facility with a 100 meter baseline for 
antenna measurement errors of 1 cm in separation and 0. 5 
cm in height difference.    Table B-2 shows the same passes 

•    • 
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over APL with a 50 meter baseline and antenna measurement 
errors of 1 cm in separation and 0. 5 cm in height difference. 
As can be seen by comparing Tables B-1 and B-2,   azimuth 
error due to errors in antenna separation,   height difference, 
and phase measurement vary inversely with antenna separa- 
tion,   and the others remain constant. 

Figures B-1 through B-4 show the rms azimuth error 
in seconds for various antenna azimuths and pass elevations. 
From these graphs it can be seen that the key to system 
improvement lies in decreasing the antenna separation mea- 
surement error to 0. 1 cm or less.    This accuracy requires 
laser ranging but is certainly possible. 

A listing of the computer simulation used to generate 
the data in Tables B-l and B-2 is given in Fig.   B-5. 
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I 

n/i opTimniic coRPiLt« »r»t: PROCEOORE O»TIOM  (um) : 

SOURCE   LISTIRG 

STRT   IE»   RT 

ft 
7 
| 
'I 

Ifl 
1 1 
I] 
1 i 
in 
v. 
|( 

17 
ID 
1<» 

20 
J1 
?2 
] I 
2« 
2) 
2< 
2-1 
2H 
2« 

M 
12 
1 i 

H 
37 

1Q 

IIUl    PHOC'DDRE    CPTIORS    (BtIR)! 

DCL ti I") ,r5(fll ,IS (8| ; 
DCL PI (H) ,PT(P) ,PI(8| ; 
DLL PD«(fl) ,rDT(8) ,PDI(8) : 
DCL FR (H) ,5»Z (8) ; 
DCL PR (8) ; 
DCL R (8,8)    fLCHT; 

DCL REP(«,8)    ELO«T; 

PCI RTK (8) ; 

DCL RTKSPm ; 
OCl L»T   ELOUT; 

DCL LON   FLOAT; 
DCL n   FLOUT; 

DCL 8T?   FLOAT; 
DCL N(2)    CH»R(5)     I NIT (' RCBTH« , • SOUTH») ; 
DCL EC)    CM»R(«)     IHt(*lftl1*t

ttnt,t I 

, 

RE=<1 
»kit 

F = 1 
FFM 
DTR = 
8TR 
RTS 
oci 
PI =0 
PT=0 
PZ'O 
PDI' 
PD Y" 
PCl = 

/•»»fELEROTH   »T   «OOIIHI.   •/ 

/•        CORSTARTS 
neiuo-, 
• , 7491(82311; 

/298,22; 
1-F)«»2i 
«T»S(1)/»1»RD(1) ;      /»DIG   VO   «AOUIIS 
nTR/60; /•   RIR   TC   RIDIUNS   •/ 
60/HTR; /•   RADIUS   TO   SECONDS»/ 
EL (0:9)    IRIT(-1,0,0,0,0,0,0,0, 0,-1) ; 

/• INPUT  DAT« V 
TFT   LI^TUAT, KH.HT) : 
SEI   SRIP   LIST (D,DH) ; 
.;ET SR IP LIST (ER,R) ; 
PUT   FMP   EDITC      •,»LAT,,,lOM',1MT','IS,,,IS',,ZS,,»D,,")H«,»BM 

(1(71) ,A,I (*) ,2(A,I(R)) ,»(A,l(9|),A,IO0) ,A,IH),Ä); 
PUT   SKIP   FCIT(ER,R) (I(19|,2(K7,3| ,X(U)) ,6(f(5,3) ,1(611 ,f («,2») J 
PUT SRIP  («): 
PUT   EOITCLAT-'.TBUNCdAT) , • DEG. •, 60»ABS (TRÜIIC (UT)-IAT)) 

(1(10) ,«,F(U| ,1(1) ,«,r (8,ii),Z(1) .A) ; 
PUT   SRIP(1) ; 
PUT   EDIT('L01l"',TIUNC(LO») ,,DEG.',60»ABS(T«0»C (lOI)-lOB)) 

: 

Fig. B-5     LISTING OF AZTRAN ERROR ANALYSIS SIMULATION 
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Set*    S-«   -,   .       M.B-      .-, 

ri/I   OPTIHIIIIIS  COHPUE* 

STPIT   IF»   »T 

*Z»l:   PiOCIDOM   CPTIOIS   (III!) | 

• 0 0  1 
HI 0  1 
• 2 0  1 
u 1 0  1 
uu 0  1 
• ■. 0  1 
• 6 0  1 

U7 0  1 
11« 1 1 
U9 1 1 
SO 0  1 
11 0  1 
52 0  1 
53 0  1 
bu 0  1 
55 0  1 
56 0  1 
57 0  1 
5« 0  1 
59 0  1 
60 0  1 
61 0  1 
62 0  1 
6 ) 0  1 
M 0  1 
65 0  1 
66 
67 
6fl 

69 
70 
71 
72 
7i 
7u 
75 
76 
77 

78 
79 
HO 
«1 
82 

<« (10),».n«», 1(1 ».».fee,«), 1(1),»I; 
PUT   ?I1IP   tBITCMBIOHT-«.HT,«ll.')(I(10),»,P(7,2),l(1,,»), 
PUT   SMP   tDIT(«D.»,D,'   «.•) (I(10).»,r(»,a).»)i 
Pin   SHIP   EDITCOH-'.DII,«   ■••MI(10»,«,r(«,-..i) j 
put p«ct: 
E»(1) •nt1| /PI; 
tt (2|-fR (2)/(COSD(L»T)«IE| | 
ll'B»K»»e/J60; 

(IS (I) .IS (I) ,13(1)): 

/•        •/ 
»IT:DO   I»1   TO  8; 

GET SFIP LIST 
Htl 
CL»'CO!;o (L»T) ; 
CLC'COSD (LOU) ; 
SL»'SI»D(L»T) ; 
sic -.iNn (Lorn ; 
P-RE/S(}PT(CLI**2*PP*Sll**2| ; 

I» -(R»HT)«CL«»CLO; 
T"M»»HT) »CU'SLO; 
Z^ («»rr'HTj'Sl*; 
PM1) ■(»•HT)»SL««CLO»»»«3»r»(r-2)»Cl»»»2»SU»CLO/iE«»2s 
PX(2)"III; 
PI (D—CL»»CL0; 
Pl(«) »1; 
pi(i)-(MHT)»su»SLo»i»»j»r»(p-jt»cu»»a»ji.i«$io/iiMai 
rift>»rai 
PT(l)--Cl»»SLCi 
Pt(5) all 
PZ ii)*-(P*rp«iT)*cL**i**J*rr*p«(r-2|*5ii**2*ai/ii«*2i 
PZ(3)--Sl»; 
PZ(6)«1; 

DO   kl'C   TO   90   BT   10; 
SHJ'O; 
I'Oi 
PP«0: 
C»=C0Sr(«Z) ; 
si'SiNDiiz) ; 
OI»-B«(SL»«CIC»C««SI.O»S«)»D«»CL»»CIO; 
DT'-D»(Sl»»SLC»C»-CtO»S») •0H»Cl»«5LO; 
OZ-D*CU*Ct«DN*SLI: 

/•  COBPUTE   PltTIALS 
P0I««D»(5l»«CtO»S»-SL«»C») ; 
P0U*D*(SU*SlC*Sl*CtO*Cl) ; 
PDit—o*cu*st: 
PDI(1) —0*(a.l*CLO*C*) -CII*SU*CLO; 
POI(2)—DT; 

•/ 
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•"-    mnmrntwamm^^iv^F 

1 
TMC   JOHNS  -    --   N*      -.   ,iw«,   ■■ 

APPLIED P'-vS'CS LABORATORY 

I 

cpTim IIIC  COKPILII                       MMl   PlOCIOOil  CPTZOIS   (lltll i 

STUT   LI !   " 

12H 1      1 1              DO   I«0   TO  H;                                                                                                                                      | 
125 1     2 i       m«m»NmM||                                                                    | 
126 1      2 1           IWl                                                                                                                               l 

/•  COBP0TI   »T«   V                                                                                            1 
121 1      1 1               RTR'O:                                                                                                                                                                I 
12(" 1      1 00   J-1   TO  8:                                                                                                                                      I 
129 1     2 1              00   I-C   TO  M;                                                                                                                                      I 
11' 1     i 1              PTMJ1-PTMJ) •li(I)»H;,JJ |                                                                                                  1 
131 1      1 INC:                                                                                                                                               | 
IK 1      2 

/•   COHPOTI   II   II   IIT   IT  •/                                                                             I 
111 1      I «ri'O;                                                                                                                                           1 
11« 1      1 00  J>r.   TO   H;                                                                                                                                      | 
'15 1     2 oo  IH TO H:                                                                                                        1 
i M 1      3 1             DO   IIDII'1   TO   1;                                                                                                                            I 
111 1      « KERIJ.I) 'IIIMJ.I) ♦MJ,IPDtI)«ri(l»Dtl)»»2»MI,II0M| ■                                 | 
11" 1      « INC:                                                                                                                               I 
U9 1      3 IDC;                                                                                                                                                         | 
Ml 1      2 cue:                                                                                                                               1 

/•   «DC  NIISOIIIIIT   IlkOIS   •/                                                                          | 
mi 1 00   |*|  TO   H;                                                                                                                                      I 
1*2 1     2 mmi.i)'KEKI,!)*"**!:                                                                           i 
1«3 1      2 ■Ml                                                                                                                       1 

/•   C05PUTI   ITII«   */                                                                                                             | 
i". 1 PTHEP'O;                                                                                                                                                I 
115 00   IT.   TO  M;                                                                                                                                      I 
1«46 2 DO   J.G   TO  H;                                                                                                                                      | 
1»7 3 »TKfMii 'iTiEi(i)*iiiJ|*iii(j.t):                                                          I 
Ml 3 INC;                                                                                                                                                          1 
Ml      i 2 END:                                                                                                                                                                     1 

/• co^p'irr on •/                                                                                         I 
ISO        ' 1 otz-C:                                                                                                                           1 
Ml      i 1 DO   I»C   '0  H; 
152          1 2 ■ «7   r«I.PTiitP (U •!« (11 ;                                                                                                           I 
151        1 2     1 E«C:                                                                                                                                       1 
15u         1 1      1 o»z»«Tr»5oi1T(o»i)/PTi:                                                                                     i 
155        1 If   »I>0   THE»  CO  TO  00;                                                                                                              | 
15«        1 IP    (StZ|0)>9C)6(Stt|G)<270|   1NEI  I1«2:    ILSI   »1-1;                                          I 
15(1        1 IP   S»I|S)<180   TNEI  I2>1:   ILSI   »2-2;                                                                              I 
150        1 IP    r.».-(H|><)0)t(S»l(H)<270)   T<ll   »3-2;    ILSI   »3-1;                                          1 
162        1 IP   S»X|H)<180  TNII lt>1:   ILSI   »«-2:                                                                        I 
16«        1 1 ELCI-O;                                                                                                                                        1 
165        1 1 DO   1-0   TO  8; 
166        1 2     1 IP   EL(I)>ILC1   TNII  ILCflLIII' 
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■■" I 1 »'^1 

IPr     c-   .      . .       ^     jpf i4- - : v 

»L/I   OPTIRIII »r.   CORPILf» 

?T»T   LEV   N 

AXIL:   PBOCtDUm   CPTI.ms    (HttR) 

K.7 

WO 
171 

ill 

1 

1       1 
1       1 

1       1 
1       1 

nj 1 1 
17» 1 1 

ns 1 1 
17* 1 I 
177 1 0 
178 1 c 

DC: 

PUT   r«!P(J) ; 
PJT   IBXTtini|,l|ta}t(   TO   '.»(«J) ,E(»«I ,'   P»S5   ELM»IIO»  »T C«   IS» 

.tLC«,«   DEG.MddO) ,6(»),, (S,1) ,»); 
PUT ?«:r(2(; 
PUT   tPITCMT'.'EIPOR   III   SECOUDS   PER   f 1II« BLZ* , • PRS'I 

(imi ,*,I (9| ,»,! (64) ,*) ; 
PUT   H IP   IDITClZ'.'HT'.'lOi'.'HT'.'IS'.MS'.'IS'.'D'.'DH',»!'. •TOTAL«) .... 

(1(111.»,I(6|,2(».I(8)|.«(».I(9||.».I(10),»,I(9),»,U8J,»)I 

PUT   SKIP   EDIT («I,»TS»»BS<IT«»r«/iTI),ITS»ll/SuiT(ITi),01l) 
III11).PO.KM.IOIIOI.118,1)1): 

'"Oi /•MD »!•/ 
PUT   SKIP (U) ; 
f.O   TO   PET; 
END   «UL; 

Fig  B 5    LISTING OF AZTRAN ERROR ANALYSIS SIMULATION (cont'd) 
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